Introduction
============

Lung cancer is one of the leading causes of cancer-associated mortality worldwide, resulting in \>1 million deaths annually ([@b1-ol-0-0-8491]). Non-small cell lung carcinoma (NSCLC) accounts for \~85% of lung cancer cases ([@b2-ol-0-0-8491]). As an antitumor drug, cisplatin (DDP) is commonly used for non-small cell lung cancer as a first-line treatment ([@b3-ol-0-0-8491]); however, this treatment is associated with serious adverse side effects. Hence, the identification of novel target drugs or an effective combination of existing drugs is required for the improved treatment of lung cancer.

The WNT signaling pathway serves a key role in the regulation of cell proliferation, differentiation, apoptosis and migration. Abnormal expression and activation of WNT signaling pathway components have been observed to induce tumorigenesis ([@b4-ol-0-0-8491],[@b5-ol-0-0-8491]). Tankyrase (TNKS) is an important regulator of canonical WNT/β-catenin signaling ([@b6-ol-0-0-8491]). TNKS was initially discovered to bind with telomerase repeat binding sequences and belongs to the family of proteins responsible for poly ADP-ribosylation (PARylation), which includes TNKS1 and TNKS2 ([@b6-ol-0-0-8491]). Busch *et al* ([@b7-ol-0-0-8491]) demonstrated that TNKS-knockdown reduced the proliferation of murine and human lung cancer cell lines, and decreased tumor formation in mouse models. TNKS inhibition may therefore represent a novel therapeutic strategy for cancer treatment. XAV939 is a small molecule that selectively inhibits TNKS family members, including TNKS1 and TNKS2. XAV939 can inhibit the transcription regulated by β-catenin, which is a key transcription factor in the WNT signaling pathway. Kulak *et al* ([@b8-ol-0-0-8491]) revealed that XAV939 inhibited the activation of β-catenin; after binding to TNKS, XAV939 was able to stimulate β-catenin phosphorylation and abolish the function of axin in the 'destruction complex'. This action resulted in the inhibition of the WNT pathway and stabilization of axin by PARylation ([@b9-ol-0-0-8491],[@b10-ol-0-0-8491]). Targeting components of the WNT-TNKS-β-catenin pathway, together with epidermal growth factor receptor (EGFR) inhibition, may improve clinical outcomes in patients with NSCLC ([@b11-ol-0-0-8491]). Through its effect on TNKS activity, XAV939 also inhibited WNT signaling in cancer of the breast, colon and other tissues ([@b12-ol-0-0-8491]). However, XAV939-mediated regulation of the WNT signaling pathway in lung cancer has not been clearly elucidated. Therefore, the aim of the present study was to investigate whether different concentrations of XAV939 influenced the proliferation and migration of the lung adenocarcinoma A549 cell line, via with the WNT signaling pathway. The present study demonstrated that TNKS (TNKS1 and TNKS2) and β-catenin expression were increased in lung adenocarcinoma and that this increase positively correlated with expression of the other. It is hoped that the present study provides a novel approach and experimental evidence for the basis for the future clinical treatment of lung cancer.

Materials and methods
=====================

### Patient samples

The present study consisted of 72 patients (including 37 men and 35 women; 34--83 years old, with a mean age of 61.24±3.56) with single-subtype alveolar-like lung adenocarcinoma (the lung adenocarcinoma group) and 67 patients (including 34 men and 33 women; 34--78 years old, with a mean age of 60.44±4.23) with normal lung tissue adjacent to carcinoma specimens (the adjacent-to-carcinoma group) who underwent lung adenocarcinoma puncture and bronchoscopy between January 2011 and June 2015. Formalin-fixed and paraffin-embedded patient samples were obtained from the Department of Pathology at First Teaching Hospital of Tianjin University of Traditional Chinese Medicine (Tianjin, China). Sections from all cases were reviewed and confirmed to be single-subtype alveolar-like lung adenocarcinoma by two senior pathologists affiliated with the First Teaching Hospital of Tianjin University of Traditional Chinese Medicine.

All patients were diagnosed with lung cancer and had no indication of surgery, nor had any undergone chemotherapy or radiotherapy. Retrospective clinicopathological data, including age, gender and degree of cancer cell differentiation, were also obtained from the patients. A total of 21 pairs of single subtype alveolar-like lung adenocarcinoma samples and matched adjacent normal lung tissues (including 11 men and 10 women; 33--78 years old, with a mean age of 60.23±3.44) were selected following lung puncture and bronchoscopy between January 2014 and June 2015, and frozen in liquid nitrogen at −80°C, within 20 min of collection. The use of the tissue samples for this study was approved by the First Teaching Hospital of Tianjin University of Traditional Chinese Medicine Medical Ethics Committee.

### Reagents

The primary antibodies used were mouse anti-tankyrase (cat no. ab13587; Abcam, Cambridge, UK), mouse anti-β-catenin (cat no. ZS-7963; OriGene Technologies, Inc., Beijing, China) and mouse anti-β-actin (cat no. MAB8929; OriGene Technologies, Inc.), mouse anti-Myc proto-oncogene protein (c-Myc) (cat no. sc-40; Santa Cruz Biotechnology, Inc., Dallas, TX, USA).

### Immunohistochemistry (IHC)

Formalin-fixed and paraffin-embedded sections were deparaffinized by sequential washing with xylene, and graded ethanol (100, 95, 80 and 70%), and subsequently heated with sodium citrate buffer 0.01M, pH 6.0 in a pressure cooker to \~95°C for 2 min to perform antigen retrieval. The sections were incubated with 3% H~2~O~2~ in methanol for 15 min at 25°C, blocked using goat isolated serum for 30 min at 25°C, and then incubated with mouse anti-TNKS monoclonal antibody (1:200 dilution), mouse anti-β-catenin monoclonal antibody (1:200 dilution), and mouse anti-cMyc monoclonal antibody (1:100 dilution), overnight, at 4°C. The slides were then incubated with horseradish peroxidase-conjugated goat anti-rabbit/mouse secondary antibodies (cat no. PV9000; OriGene Technologies, Inc.) at 37°C for 30 min. Samples known to express TNKS, β-catenin, and c-Myc, among others, served as positive control, whereas PBS was used instead of the primary antibody as negative control. Positive samples were obtained from the Department of Pathology, First Teaching Hospital of Tianjin University of Traditional Chinese Medicine. The intensity of staining was evaluated using the following criteria: 1, negative; 2, positive (brown). The extent of staining was scored as 0, 0% of cells stained; 1, 1--25% stained; 2, 26--50% stained; 3, 51--100% stained. The final score was calculated by multiplying the intensity score by the extent score. The staining results were divided into two categories, according to the final score: \<3, negative, ≥3, positive. If 10% of cancer cells were positive for nuclear staining, they were defined as positive.

### Cell culture

The human A549, Calu-3 and SK-LU-1 cells were provided by Dr Shiwu Zhang (Tianjin Union Medicine Center, Nankai University Affiliated Hospital, Tianjin, China). Cells were maintained in RPMI-1640 medium (Hyclone; GE Healthcare, Chicago, IL, USA), supplemented with 10% (v/v) fetal bovine serum (Hyclone) and cultured in a humidified incubator with 5% CO~2~ at 37°C.

### MTT cell viability assay

A549 cells in the logarithmic growth phase were seeded in 96-well plates, at a density of 2×10^4^ cells/well, and subsequently treated with various XAV939 (Selleck Chemicals, Houston, TX, USA) concentrations (0.1, 0.5, 1, 5, 10 µmol/l) for 24, 48, 72 and 96 h. MTT was added to the cells 4 h prior to harvesting. Cells from each group were incubated for 4 h with 10 µl MTT, which was subsequently replaced by 150 µl DMSO. The 96-well plates were then placed on a shaking table for 10 min. Cell viability was determined by colorimetry, and measured the absorbance using a microplate reader (Thermo Fisher Scientific, Inc., Waltham, MA, USA) at a wavelength of 490 nm (A490 value).

### Colony formation assay

For the colony formation assays, A549 cells were plated at a density of 200 cells/well in 6-well tissue culture plates (Corning Incorporated, Corning, NY, USA) in triplicate for 24 h prior to drug (XAV939; Selleck Chemicals) or control treatments. After 24 h, A549 cells were treated with doses of 0.1, 1, 10 µmol/l XAV939. After 48 h of culture in treatment, the colonies were fixed with 4% paraformaldehyde for 15 min at 25°C, stained with 0.5% crystal violet solution for 20 min at 25°C, and four fields of view were counted. The level of colony formation was observed using an inverted light microscope.

### Wound healing assay

A549 cells were seeded into 6-well plates at a density of 1×10^5^ cells/well. After 24 h, a sterilized 200 µl pipette tip was used to generate a wound across the cells. Cells migrating into the wounded area were observed at different time points (0 and 24 h) under an inverted light microscope at a magnification of ×200. A total of 9 fields of view were randomly analyzed in each well.

### Reverse transcription-semi-quantitative polymerase chain reaction (RT-PCR)

A549 cells were treated with various concentrations of XAV939 (0.1, 1 and 10 µmol/l) for 24 h. Total RNA was extracted from A549 cells using TRIzol (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. cDNA was generated using gene-specific random hexamers (Sangon Biotech Co., Ltd, Shanghai, China) ([Table I](#tI-ol-0-0-8491){ref-type="table"}) and RT kit (Tiangen Biotech Co., Ltd., Beijing, China). The PCR reaction conditions were as follows: 95°C for 5 min followed by 40 cycles of 95°C for 30 sec, 60°C for 30 sec, 72°C for 30 sec and a final extension step of 72°C for 5 min. Samples were then left at 4°C until further use. Agarose gel (1.5%) was used to run the PCR product which scanned pictures using a gel imaging system (Fluor Corporation, Irving, TX, USA). All data were normalized to endogenous β-actin, which used as an endogenous control. Image Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA) was applied to analyze the band intensity.

### Immunofluorescence

A549 cells were cultured in 24-well plates for 24 h. Once they had adhered to glass slides at 80% density, cells were divided into four groups: The control group (treated with NaCl), and the 0.1, 1 and 10 µmol/l XAV939 treatment groups. After 48 h of treatment, cells were fixed with 4% paraformaldehyde for 15 min at 25°C. Cells were incubated with 0.5% Triton X-100 (PBS compound) for 20 min at 25°C and blocked using goat isolated serum (cat no. ZLI-9022; OriGene Technologies, Inc.), for 30 min at 25°C. Then, cells were incubated with a monoclonal antibody against β-catenin (1:100), at 4°C overnight. The following day, a FITC-conjugated goat anti mouse IgG (1:100; cat no. ZF0312; OriGene Technologies, Inc.) secondary antibody was added, and cells were incubated in the dark for 60 min at 37°C. DAPI was used to counterstain the nuclei for 5 min at 25°C. Positive and negative control groups were also prepared and images were captured using a fluorescence microscope (at a magnification of ×200).

### Western blot analysis

A total of 21 pairs of lung adenocarcinoma samples and adjacent normal lung tissues were lysed in SDS lysis buffer. (Beyotime Institute of Biotechnology, Shanghai, China). The protein concentration was measured using a BCA Protein Assay kit (Beyotime Institute of Biotechnology). A total of 40 µg protein lysates were separated by SDS-PAGE (10%) and transferred by electrophoresis to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% non-fat milk for 2 h at room temperature and incubated overnight at 4°C with primary antibodies. The target proteins were detected by western blot analysis with the following primary antibodies: Mouse anti-human TNKS monoclonal antibody (1:400), β-actin antibody (1:2,000) overnight at 4°C. After washing with PBS-Tween-20 (PBST), membranes were incubated with goat anti-mouse horseradish peroxidase-conjugated polyclonal secondary antibodies (cat no. ZDR5307, 1:1,000; OriGene Technologies, Inc.) for 2 h at 25°C. Proteins were detected using an enhanced chemiluminescence kit (Tanon Science and Technology Co., Ltd., Shanghai, China). All quantitative data were normalized to β-actin, which used as an endogenous control. Image Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA) was applied to analyze the band intensity.

A549, Calu-3 and SK-LU-1 cells were lysed with ice-cold RIPA buffer (Beyotime Institute of Biotechnology, Shanghai, China), and protein concentrations were determined by BCA method. Equal amounts of 40 µg protein lysates were separated by SDS-PAGE (10%) and then transferred to PVDF membranes. Membranes were incubated overnight at 4°C with the following primary antibodies: Anti-TNKS (1:400), and β-actin (1:2,000). After washing with PBST, the corresponding concentrations of goat anti-mouse IgG-FITC secondary antibody (cat no. ZDR5307; 1:1,000; OriGene Technologies, Inc.) was joined for 2 h at 25°C. Proteins were detected using an enhanced chemiluminescence kit (Tanon Science and Technology Co., Ltd). All quantitative data were normalized to β-actin, which was used as an endogenous control. Image Pro Plus 6.0 software was applied to analyze the band intensity.

A549 cells were treated with DDP (0.002 g/l; approval no. H21020212; Jinzhou Jiutai Pharmaceutical Co., Ltd., Jinzhou, China), 1 µmol/l XAV939, 0.002 g/l DDP and 1 µmol/l XAV939 for 24 h. Then the cells lysed with ice-cold RIPA buffer (Beyotime Institute of Biotechnology), and protein concentrations were determined by BCA method. Equal amounts of 40 µg protein lysates were separated by SDS-PAGE (10%) and then transferred to PVDF membranes. Membranes were incubated overnight at 4°C with the following primary antibodies: Anti-TNKS (1:400), anti-β-catenin (1:500), anti-c-Myc (1:500) and β-actin (1:2,000). After washing with PBST, the corresponding concentrations of goat anti-mouse IgG-FITC secondary antibody (cat no. ZDR5307; 1:1,000; OriGene Technologies, Inc.) was joined for 2 h at 25°C. Proteins were detected using an enhanced chemiluminescence kit (Tanon Science and Technology Co., Ltd). All quantitative data were normalized to β-actin, which was used as an endogenous control. Image Pro Plus 6.0 software was applied to analyze the band intensity.

### Statistical analysis

Data are presented as the mean ± standard deviation and all statistical analyses were performed using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Data counts in all cases were expressed as a percentage; a χ^2^ test was performed to compare between groups. The correlation between TNKS, β-catenin, and c-Myc expression were evaluated using the Spearman correlation coefficient. Comparative Student\'s unpaired t-test was used to assess the statistical significance between two groups. One-way analysis of variance was performed to statistically compare two or more groups. The post-hoc test used was Student-Newman-Keuls (SNK). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Expression of TNKS, β-catenin, and c-Myc in lung adenocarcinoma and adjacent carcinoma tissues

TNKS-positive immunostaining was identified by brown staining in the cytoplasm of tumor cells ([Fig. 1A and B](#f1-ol-0-0-8491){ref-type="fig"}). β-catenin was mainly found in the cytoplasm and nucleus of the lung adenocarcinoma group, whereas it was expressed only in the cytoplasm of the paired adjacent carcinoma group ([Fig. 1A and B](#f1-ol-0-0-8491){ref-type="fig"}). c-Myc was predominantly observed in the nucleus of cells belonging to the lung adenocarcinoma group ([Fig. 1A and B](#f1-ol-0-0-8491){ref-type="fig"}). The positive expression of TNKS, c-Myc and β-catenin was significantly increased in the lung adenocarcinoma group compared with the paired adjacent group (P\<0.05; [Fig. 1](#f1-ol-0-0-8491){ref-type="fig"} and [Table II](#tII-ol-0-0-8491){ref-type="table"}). The correlation between TNKS expression and other WNT-associated proteins was further investigated by comparing changes in TNKS expression levels to those of β-catenin and c-Myc, revealing a significant positive value ([Table III](#tIII-ol-0-0-8491){ref-type="table"}). Western blot analysis was conducted to detect relative TNKS expression levels in 21 lung adenocarcinoma and paired adjacent carcinoma tissues. Representative blots of three paired samples demonstrate that TNKS expression is significantly higher in the lung adenocarcinoma group than in the paired adjacent carcinoma group (P\<0.05; [Fig. 2](#f2-ol-0-0-8491){ref-type="fig"}).

### Protein expression of TNKS in three lung adenocarcinoma cell lines

Western blotting results ([Fig. 3](#f3-ol-0-0-8491){ref-type="fig"}) demonstrated that TNKS protein expression levels in A549 cells were significantly higher than those in Calu-3 and SK-LU-1 cells (P\<0.05; [Fig. 3](#f3-ol-0-0-8491){ref-type="fig"}). Owing to the higher TNKS protein expression levels observed in A549 cells compared with Calu-3 and SK-LU-1 cells, A549 cells were selected for subsequent experiments.

### XAV939 inhibits the proliferation of A549 cells in vitro

To analyze the inhibitory effects of XAV939 at different concentrations (0.1, 0.5, 1, 5 and 10 µmol/l) on A549 cell proliferation, an MTT assay was performed at specific time points (24, 48, 72 and 96 h). At all experimental time points, XAV939 treatment was able to significantly inhibit A549 cell proliferation compared with the control group (F~24h~=30.382, F~48h~=52.463, F~72h~=56.635, F~96h~=59.274; P\<0.05), with the exception of the 5-and 10-µmol/l groups at the 24 h time point (P=0.147).

### XAV939 inhibits the proliferation of A549

[Fig. 4](#f4-ol-0-0-8491){ref-type="fig"} presents the values of inhibition of A490 proliferation at different XAV939 concentrations (0.1, 0.5, 1, 5 and 10 µmol/l) and different times (24, 48, 72 and 96 h). Between groups treated with the same concentration of XAV939, the differences were statistically significant at the different time points tested (P\<0.05), except the 0.1 µmol/l XAV939 treatment group.

The SNK test revealed that the differences were statistically significant at the different time points (24 vs. 48 h, 24 vs. 72 h, 24 vs. 96 h, 48 vs. 72 h and 72 vs. 96 h) at the same concentration of XAV939.

### XAV939 inhibits the clonogenicity of A549 cells

Treatment of the A549 cell line, plated under colony forming conditions, with 0.1, 1 and 10 µmol/l of XAV939, significantly inhibited colony formation ability compared with cells under control treatment, as shown with colony number quantification ([Fig. 5](#f5-ol-0-0-8491){ref-type="fig"}).

### XAV939 inhibits the migration of A549 cells in vitro

To assess whether XAV939 treatment inhibited A549 cell migration *in vitro*, the results of the wound-healing assay ([Fig. 6](#f6-ol-0-0-8491){ref-type="fig"}) demonstrated that the wound width in groups treated with 0.1, 0.5, 1, 5 and 10 µmol/l XAV939 was 165.8±12.3, 176.6±11.9, 267.4±13.5, 328.7±18.1 and 445.4±21.6 µm, respectively.

These gaps were all significantly wider than that in the control group (106.4±10.5 µm, P\<0.5), demonstrating that the cell migratory ability was decreased. When comparisons within different treatment groups were performed, the differences were statistically significant (F=786.294; P\<0.05) other than for the 0.1 and 0.5 µmol/l groups (P\>0.05). These results revealed that XAV939 was able to inhibit the migration of A549 cells in a concentration-dependent manner.

### β-catenin mRNA expression

The results of RT-sqPCR demonstrated that β-catenin ([Fig. 7](#f7-ol-0-0-8491){ref-type="fig"}) and c-Myc ([Fig. 8](#f8-ol-0-0-8491){ref-type="fig"}) mRNA expression were significantly downregulated in 0.1, 1 and 10 µmol/l XAV939 treatment groups compared with the control group (P\<0.05). The expression of c-Myc was demonstrated to be significantly different between treatment groups, 0.1, 1 and the 10 µmol/l group (P\<0.05). However, the differences in β-catenin expression were not statistically significant between the 0.1 and the 1 µmol/l groups (P\>0.05).

### Immunofluorescence

The localization of β-catenin expression, as observed by immunofluorescence, revealed that the protein had a tendency to translocate to the cytoplasm/membrane from the cytoplasm/nucleus ([Fig. 9](#f9-ol-0-0-8491){ref-type="fig"}); this translocation was directly proportional to the concentration of XAV939 used.

### Western blotting

Analysis by western blotting ([Fig. 10](#f10-ol-0-0-8491){ref-type="fig"}) demonstrated that the level of β-catenin, TNKS, and c-Myc protein expression in A549 cells treated with XAV939 or DDP was significantly reduced compared with the control group (P\<0.05). However, the combined effect of the two drugs further attenuated the inhibitory effect of each drug when used alone (P\<0.05).

Discussion
==========

The majority of patients with lung cancer frequently develop tumor metastasis and relapse shortly following surgery, radiotherapy, or chemotherapy ([@b13-ol-0-0-8491]). The 5-year relative survival rate is only 17% ([@b13-ol-0-0-8491]). WNT/β-catenin signaling is part of a functional network present in the first metazoans and is implicated in a broad range of biological functions, which are fundamental in stem cells, embryonic development and adult organs ([@b14-ol-0-0-8491]). Deregulation of components of the WNT/β-catenin signaling pathway has been implicated in a wide spectrum of diseases, including several types of cancer ([@b14-ol-0-0-8491]). In lung adenocarcinoma, the frequently upregulated WNT/β-catenin signaling pathway represents a promising target for molecular therapies. Currently, multiple key factors belonging to the WNT/β-catenin signaling cascade represent potential therapeutic targets ([@b15-ol-0-0-8491]). Previous research has confirmed that multiple physiological and pathological processes that are activated by WNT signals are regulated by TNKS and its corresponding inhibitors ([@b8-ol-0-0-8491],[@b16-ol-0-0-8491],[@b17-ol-0-0-8491]).

The data from the present study revealed that TNKS and β-catenin expression was increased in lung adenocarcinoma tissue, and were also positively correlated. However, β-catenin is a target of the WNT signaling pathway, and we hypothesize that enhanced TNKS expression levels are associated with the abnormal activation of the WNT signaling pathway. XAV939 is a small molecule that selectively inhibits TNKS, and also inhibits the transcription of β-catenin. Using XAV939 to inhibit the WNT pathway is a therapeutic strategy used for the treatment of several types of cancer ([@b18-ol-0-0-8491]--[@b20-ol-0-0-8491]). In the breast cancer MDA-MB-231 cell line, inhibition of TNKS1 was revealed to weaken cell migration, induced by WNT3a ([@b11-ol-0-0-8491]). Tian *et al* ([@b21-ol-0-0-8491]) demonstrated that TNKS1 inhibition may, in part, block the WNT/β-catenin signaling cascade and reduce the expression of anti-apoptotic proteins. In addition, it was further demonstrated that TNKS1 inhibition decreased *in vitro* colony formation. De la Roche *et al* ([@b22-ol-0-0-8491]) demonstrated that TNKS inhibitors also inhibited WNT-induced transcription, and reduced β-catenin transcriptional activity in colorectal cancer cells. Busch *et al* ([@b7-ol-0-0-8491]) revealed that knockdown of TNKS1 and/or TNKS2 with small interfering RNAs or short hairpin RNAs reduced lung cancer cell proliferation and repressed tumor formation in murine xenograft and syngeneic lung cancer models. The present study provides initial evidence to support the notion that TNKS enzymes, in association with WNT/β-catenin signaling components, are feasible targets for lung adenocarcinoma treatment.

The data from the present study indicated that high TNKS expression was more frequently detected in the lung adenocarcinoma group (90.28%) than in the adjacent to carcinoma group (26.86%). In addition, TNKS expression level was demonstrated to be significantly higher in tumor cells in the lung adenocarcinoma group compared with the control group, indicating that TNKS in lung adenocarcinoma is highly expressed. Aberrant WNT signaling caused by mutations in the β-catenin gene, a key regulator of the canonical WNT-signaling pathway, is frequently detected in lung cancer ([@b23-ol-0-0-8491],[@b24-ol-0-0-8491]). However, the mechanisms underlying the aberrant activation of WNT/β-catenin signaling in lung cancer have not yet been fully characterized.

In the present study, lung adenocarcinoma cancer cells were observed to consistently express high levels of nuclear and cytoplasmic β-catenin protein (70.83 and 88.89%, respectively). By contrast, β-catenin was predominantly expressed in the cytoplasm, with a small proportion in the nucleus in the adjacent-to-carcinoma group (29.85 and 11.94%, respectively). The correlation between TNKS and WNT/β-catenin signal was confirmed by comparing the level of β-catenin (nuclear) expression. (TNKS vs. β-catenin, r=0.619, P\<0.05; c-Myc vs. β-catenin, r=0.495, P\<0.05). β-catenin is an oncoprotein that is normally localized in the cytoplasm ([@b18-ol-0-0-8491]). The results of the present study revealed that oncogenic WNT signals promote the cytosolic accumulation of β-catenin and nuclear translocation, leading to the activation of downstream targets, including the oncogene c-Myc, which is consistent with a previous report by Zhang *et al* ([@b25-ol-0-0-8491]). TNKS inhibition attenuates WNT/β-catenin signaling by promoting dynamic assemblies of functional active destruction complexes into a TNKS-containing scaffold, even in the presence of an adenomatous polyposis coli (APC) truncation ([@b26-ol-0-0-8491]). Wang *et al* ([@b9-ol-0-0-8491]) demonstrated that XAV939 significantly inhibited the activation of WNT/β-catenin signaling and attenuated bleomycin-induced lung fibrosis in mice, thus improving the survival of mice with lung injury.

Using cell viability and colony formation assays, it was revealed that XAV939 inhibited the proliferation and colony formation ability of A549 cells *in vitro*. The results of the wound-healing assay revealed the inhibitory effect of treatment with XAV939 on the migration of A549 cells in a dose-dependent manner. Taken together, these results demonstrated that XAV939 inhibited the proliferative, colony formation and migratory capacity of A549 cells.

β-catenin is a key molecule in the WNT pathway; its stable accumulation in the cytoplasm and translocation into the nucleus are critical events in this pathway. In normal cells, β-catenin is mainly located in the membrane. Once β-catenin accumulates in the cytoplasm, it is be translocated into the nucleus and binds with T-cell factor/lymphoid enhancer factor to induce transcription factors responsible for the transcription of target genes involved in the activation and regulation of cell proliferation and differentiation ([@b27-ol-0-0-8491]). Thus, the abnormal activation of the WNT pathway induces tumorigenesis ([@b28-ol-0-0-8491]). The RT-sqPCR data demonstrated that, compared with the control group, β-catenin and c-Myc expression in XAV939 treatment groups (0.1, 1 and 10 µmol/l) clearly decreased. Additionally, following treatment with 10 µmol/l XAV939 for 24 h, the expression of β-catenin mRNA was significantly lower than that of other treatment groups. Immunofluorescence analysis demonstrated that β-catenin had a tendency to translocate from the cytoplasm/nucleus to the cytoplasm/membrane, depending on the dose-dependent groups (0, 0.1, 1 and 10 µmol/l). Therefore, it was concluded that XAV939 might induce β-catenin degradation and inhibit its accumulation in the cytoplasm, leading to a weakening or inhibition of the abnormal activation of the WNT signaling pathway. This may potentially be a mechanism through which XAV939 inhibits A549 cell proliferation and migration.

DDP is used as a first-line drug for the treatment of advanced non-small cell lung cancer. However, the drug is usually prescribed at a low dosage owing to its toxicity. In the present study, the expression level of β-catenin, TNKS and c-Myc proteins was detected by western blotting. A549 cells treated with XAV939 or DDP exhibited decreased the expression of TNKS protein compared with untreated control cells. c-Myc, a downstream target of β-catenin, was also downregulated. In addition, the effect of combined XAV939 and DDP treatment decreased the expression of TNKS, β-catenin and c-Myc protein to a greater degree than when either drug was used alone. This result highlighted the potential utility of combination therapy in increasing the attenuation of the WNT/β-catenin signaling pathway. The results of the present study indicate that XAV939 could be considered as a novel therapeutic agent for the treatment of lung cancer. XAV939 may also improve the curative effect of DDP and reduce adverse reactions.

In summary, the present study revealed that TNKS and β-catenin expression levels were increased in lung adenocarcinoma tissue and were positively correlated with each other. Thus, it can be concluded that the enhanced expression level of TNKS is associated with the abnormal activation of the WNT signaling pathway. The WNT/β-catenin pathway is considered a particularly difficult target for molecular interventions owing to its numerous non-evident enzyme targets, which may disrupt necessary and beneficial biological processes ([@b29-ol-0-0-8491]). To the best of our knowledge, this is the first study to reveal the effect of the TNKS inhibitor XAV939 on the WNT/β-catenin signaling pathway in lung adenocarcinoma; TNKS inhibitors should thereby reduce β-catenin levels and activity. As such, TNKS enzymes represent promising candidate targets for anticancer molecular therapies ([@b30-ol-0-0-8491]). The present study provides experimental evidence for the basis of novel therapeutic strategies for the clinical treatment of lung cancer. Future studies are required to delineate further this mechanism and its role in suppressing lung tumor progression *in vivo*.
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![Expression of TNKS, β-catenin and c-Myc in lung adenocarcinoma and adjacent tissues (magnification, ×400). The expression of TNKS, β-catenin, and c-Myc was detected by immunohistochemistry. (A and B) TNKS, β-catenin, and c-Myc proteins exhibited positive expression in lung adenocarcinoma tissue, which was higher than that found in the tissues adjacent to the carcinoma. TNKS, tankyrase; c-Myc, Myc proto-oncogene protein.](ol-15-06-8973-g00){#f1-ol-0-0-8491}

![Expression of TNKS protein in (A) sample 1, (B) sample 2 and (C) sample 3 in lung adenocarcinoma and adjacent tissues, as detected by western blotting. (D) TNKS relative expression in 21 samples was significantly higher in the lung adenocarcinoma group compared with the adjacent-to-carcinoma group P\<0.05 vs. adjacent. TNKS, tankyrase.](ol-15-06-8973-g01){#f2-ol-0-0-8491}

![Expression of TNKS in three lung adenocarcinoma cell lines. (A) Western blot analysis and (B) quantification of this analysis demonstrated that the level of TNKS protein expression in A549 cells was significantly higher compared with that in Calu-3 and SK-LU-1 cells. \*P\<0.05, A549 vs. Calu-3, ^Δ^P\<0.05, A549 vs. SK-LU-1 cells. TNKS, tankyrase.](ol-15-06-8973-g02){#f3-ol-0-0-8491}

![MTT assays. A549 cells were treated with increasing concentration of XAV939 (0.1, 0.5, 1,5 and 10 µM) for 24, 4, 72 and 96 h. The result was shown as relative cell viability per concentration at each time point.](ol-15-06-8973-g03){#f4-ol-0-0-8491}

![(A) XAV939 inhibits the clonogenicity of A549 cells *in vitro*. (B) Treatment of the A549 cell line with 0.1, 1 and 10 µmol/l XAV939 significantly inhibited colony formation compared with the control. \*P\<0.05 vs. the control group; ^\#^P\<0.05 vs. 0.1 µmol/l XAV939; ^Δ^P\<0.05 vs. 1 µmol/l XAV939.](ol-15-06-8973-g04){#f5-ol-0-0-8491}

![Εffect of XAV939 on A549 cell migration was detected via wound-healing assay. The wound widths in the different XAV939 treatment groups (0.1, 0.5, 1, 5, 10 µmol/l) after 24 h were all significantly wider than those of the control group (magnification, ×200).](ol-15-06-8973-g05){#f6-ol-0-0-8491}

![β-catenin mRNA expression at different XAV939 concentrations as detected by RT-sqPCR. (A) RT-PCR gel (B) and relative expression of β-catenin mRNA in A549 cells, treated with different XAV939 concentrations. \*P\<0.05 vs. the control group; ^\#^P\<0.05 vs. 10 µmol/l XAV939; ^Δ^P\>0.05 vs. 1 µmol/l XAV939. RT-sqPCR, reverse transcription-semi-quantitative polymerase chain reaction.](ol-15-06-8973-g06){#f7-ol-0-0-8491}

![c-Myc mRNA expression at different XAV939 concentrations as detected by RT-sqPCR. (A) RT-PCR gel (B) and relative expression of β-catenin mRNA in A549 cells, treated with different XAV939 concentrations. \*P\<0.05 vs. control group; ^Δ^P\<0.05 vs. 10 µmol/l XAV939; ^\#^P\<0.05 vs. 1 µmol/l XAV939. c-Myc, Myc proto-oncogene protein; RT-sqPCR, reverse transcription-semi-quantitative polymerase chain reaction.](ol-15-06-8973-g07){#f8-ol-0-0-8491}

![Localization of β-catenin immunofluorescence in response to treatment with NaCl (control), 0., 1 and 10 µmol/l XAV939 in A549 cells (magnification, ×400).](ol-15-06-8973-g08){#f9-ol-0-0-8491}

![(A) Expression of β-catenin, TNKS, and c-Myc protein as detected by western blotting. (B) Quantification of western blotting results. \*P\<0.05 vs. control group; ^\#^P\<0.05 vs. XAV939+DDP group; ^Δ^P\>0.05 vs. XAV939 group. TNKS, tankyrase; c-Myc, Myc proto-oncogene protein; DDP, cisplatin.](ol-15-06-8973-g09){#f10-ol-0-0-8491}

###### 

Polymerase chain reaction primers used in this study.

  Gene        Sequence, 5′-3′         Product size, bp
  ----------- ----------------------- ------------------
  β-catenin                           104
    Forward   ATCATTCTGGCCAGTGCTGG    
    Reverse   GACAGCACCTTCAGCACTCT    
  c-Myc                               110
    Forward   GAGTCAGGGTCATCCCCATCA   
    Reverse   CCAAGACGTTGTGTGTCCGC    
  β-actin                             115
    Forward   TCTGTGTGGATTGGTGGCTCT   
    Reverse   AGAAGCATTTGCGGTGCAC     

c-Myc, Myc proto-oncogene protein.

###### 

Expression of TNKS, β-catenin and c-Myc in lung adenocarcinoma and adjacent group.

                                            β-catenin expression                
  ----------------------- ---- ------------ ---------------------- ------------ ------------
  Adenocarcinoma, n (%)   72   65 (90.28)   64 (88.89)             51 (70.83)   48 (66.67)
  Adjacent, n (%)         67   18 (26.86)   20 (29.85)             8 (11.94)    9 (13.43)
  χ2                           58.01b       50.588b                49.273b      40.66a

Expression assessed by immunohistochemistry. aP\<0.05, bP\<0.01. TNKS, tankyrase; c-Myc, Myc proto-oncogene protein.

###### 

Correlation between the expression of β-catenin, TNKS, and c-Myc proteins in 72 cases of lung adenocarcinoma.

                          TNKS expression, n       c-Myc expression, n                                              
  ----------------------- -------------------- --- ---------------------------------------------------- ----- ----- ----------------------------------------------------
  β-catenin (cytoplasm)                                                                                             
    Negative expression     5                  3   0.682^[a](#tfn3-ol-0-0-8491){ref-type="table-fn"}^     1     7   0.814^[a](#tfn3-ol-0-0-8491){ref-type="table-fn"}^
    Positive expression   60                   4                                                        47    17    
  β-catenin (nucleus)                                                                                               
    Negative expression   16                   5   0.619^[a](#tfn3-ol-0-0-8491){ref-type="table-fn"}^   10    11    0.495^[a](#tfn3-ol-0-0-8491){ref-type="table-fn"}^
    Positive expression   49                   2                                                        38    13    

P\<0.05. TNKS, tankyrase; c-Myc, Myc proto-oncogene protein.

[^1]: Contributed equally
